Stimulation of pituitary gonadotropes by hypothalamic GnRH leads to the rapid expression of several immediate early genes that play key roles in orchestrating the response of the gonadotrope to hypothalamic stimuli. Elucidation of the signaling mechanisms that couple the GnRH receptor to this immediate early gene repertoire is critical for understanding the molecular basis of GnRH action. Here we identify signaling mechanisms that underlie regulation of the orphan nuclear receptor Nur77 as a GnRH-responsive immediate early gene in ␣T3-1 cells and mouse gonadotropes in culture. Using a variety of approaches, we show that GnRH-induced transcriptional upregulation of Nur77 in ␣T3-1 cells is dependent on calcium, protein kinase C (PKC), and ERK signaling. Transcriptional activity of Nur77 within the gonadotrope is regulated posttranslationally by GnRH signaling via PKC but not ERK activity. Surprisingly, neither activation of the ERK pathway nor the transcriptional response of Nur77 to GnRH requires the activity of c-Raf kinase. In corroboration of these results, Nur77 responsiveness to GnRH was maintained in gonadotropes from mice with pituitary-targeted ablation of c-Raf kinase. In contrast, gonadotropes from mice with pituitary deficiency of ERK signaling failed to up-regulate Nur77 after GnRH stimulation. These results further clarify the role of ERK and PKC signaling in regulation of the GnRH-induced immediate early gene program as well as GnRH-induced transcription-stimulating activity of Nur77 in the gonadotrope and shed new light on the complex functional organization of this signaling pathway in the pituitary gonadotrope. (Endocrinology 153: 700 -711, 2012) 
I
n mammals, reproductive function is dependent on the coordinated synthesis and secretion of the gonadotropins LH and FSH by the pituitary gonadotrope. Production of the gonadotropins is largely controlled by the hypothalamic decapeptide GnRH. GnRH is released in pulsatile fashion from the hypothalamus and acts through the GnRH receptor (Gn-RHR) to stimulate biosynthesis of the gonadotropin subunits as well as the GnRHR itself. The signaling events initiated by the GnRHR coordinate the expression of a diverse set of immediate early response genes, several of which have been shown to regulate gonadotropin biosynthesis (1) (2) (3) (4) (5) . In the gonadotrope, as in most other cell types, early response genes play a critical role in linking a relatively transitory extracellular stimulus (the pulsatile GnRH signal) with more sustained changes in gene expression that underlie physiologically appropriate cellular responses to that stimulus (such as gonadotropin biosynthesis). Elucidation of the signaling activities that link the GnRH signal with the immediate early gene repertoire is thus important for understanding the molecular basis of gonadotrope function.
The ERK signaling pathway is rapidly activated by GnRH, and ERK activity has been linked to the expression of several genes important for gonadotrope function including the gonadotropin subunit genes as well as the dual specificity MAPK phosphatase MKP2/DUSP4 (1, 6 -9) . Several ERK-dependent immediate early genes have been shown to play key roles in mediating the effects of GnRH, including early growth response protein 1 (Egr1), c-Fos, and activating transcription factor 3 (ATF3) (1, 4 -7) . Nur77 (also referred to as NR4A1, NGFIB, NAK1, and TR3) is an immediate early gene belonging to the NR4A family of orphan nuclear receptors. Nur77 is rapidly upregulated in response to a wide range of extracellular signals and has been shown to play diverse and important roles as a transcriptional regulator in several cell types including pituitary cells (10 -18) . Microarray analysis showed that Nur77 was strongly up-regulated by GnRH in the murine gonadotrope-derived L␤T2 cell line (19) ; however, the signaling mechanism(s) linked to this regulation by GnRH remain to be fully elucidated. In the L␤T2 cell line, GnRH-induced up-regulation of Nur77 has been linked to cAMP/protein kinase A and calcium (20 -22) . Nur77 was also shown to be expressed in the less differentiated ␣T3-1 gonadotrope cell line and regulated by cAMP-mediated signaling (23) . Interestingly in these studies, Nur77 and steroidogenic factor 1 appear to function antagonistically to modulate GnRH receptor gene regulation.
GnRH-induced Nur77 up-regulation in ␣T3-1 cells has also been linked to control of the FSH␤ subunit gene in this cell line using Nur77 overexpression, chromatin immunoprecipitation studies, and a Nur77 dominant-negative approach (24) . These studies are also complicated by the fact that the FSH␤ subunit gene is not expressed in ␣T3-1 cells under normal circumstances; thus, it is difficult to determine the physiological importance of these observations. ERK activity has been shown to be important for agonist-induced up-regulation of Nur77 in several cell types (25) (26) (27) (28) (29) . Therefore, we set out to examine and more clearly define the role of ERK signaling in GnRH-induced expression of Nur77 in the gonadotrope. Our results establish Nur77 as an ERK-dependent GnRH-responsive immediate early gene and shed unexpected new light on the functional organization of the ERK pathway within the gonadotrope.
Materials and Methods

Cells, reagents, and animals
␣T3-1 cells were a generous gift from Dr. Pamela Mellon (University of California at San Diego, San Diego, CA) and were cultured as described previously (30) . NIH-3T3 cells were cultured as described previously (31) . Primary antibodies against Nur77 (rabbit polyclonal), ERK2, c-Raf, and ␤-actin along with horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated antirabbit secondary antibody for immunocytochemistry was obtained from Vector Laboratories (Burlingame, CA). Antiphospho-ERK was from Sigma Chemical (St. Louis, MO). Mouse monoclonal anti-Nur77 antibody was from PharMingen (San Diego, CA). Rabbit anti-LH␤ antibody was from the National Hormone and Peptide Program (National Institute of Diabetes and Digestive and Kidney Diseases, Torrance, CA). Rat monoclonal antihemagglutinin antibody was from Roche (Indianapolis, IN). Buserelin [des-GLY(10D-Ser[tBut]6)-LHRH ethylamide; referred to as a GnRH agonist (GnRHa)], CRH, and the GnRHR antagonist antide, were from Sigma. All other pharmacological inhibitors were from Calbiochem (Gibbstown, NJ).
Plasmid construction and transfection
The pKH3 expression vector, containing three tandem copies of the hemagglutinin epitope tag, was a gift from Dr. Jun-Lin Guan (University of Michigan, Ann Arbor, MI). The Raf-CAAX expression vector was a gift from Dr. Linda Van Aelst (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). To generate the Nur77 luciferase reporter, a 1566-bp fragment of the Nur77 proximal promoter was amplified by PCR from mouse genomic DNA and subcloned into the luciferase expression vector. The c-Fos luciferase reporter has been described previously (32) . The fidelity of all constructs was verified by direct nucleotide sequencing. Mouse Nur 77 cDNA was generated by PCR and inserted into a mammalian Gal4 expression vector (kindly provided by Richard Maurer, Oregon Health Sciences University, Portland, OR). The resulting Gal4-Nur77 fusion was confirmed by nucleotide sequence analysis. Transfections were performed using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Carlsbad, CA).
Immunocytochemistry and fluorescence microscopy
For immunofluorescent colabeling of ERK2 and LH␤, 5-m pituitary sections were deparaffinized and then rehydrated through ethanol dilution series to distilled H 2 O. Antigen retrieval was performed by boiling slides in 0.01 M citrate buffer (pH 6.0). Sections were washed in PBS and blocked with 10% normal rabbit serum/10% nonfat dry milk in PBS for 20 min at room temperature. Sections were then incubated in polyclonal anti-Nur77 primary antibody diluted 1:10 in PBS/1ϫ casein (Vector Laboratories), for 2 h at 37 C. Sections were further washed in PBS and incubated at room temperature for 20 min with biotinylated rabbit-antigoat IgG (Invitrogen). Normal rabbit IgG was used at equivalent concentration as negative control. After incubation with biotinylated donkey-antirabbit IgG and further washing, sections were incubated with Streptavidin Alexa Fluor 488 (Invitrogen) for 20 min at room temperature in the dark. Stained slides were washed further with PBS and stored in distilled water overnight at 4 C. On d 2, sections were blocked with Fab fragment goat antirabbit IgG H&L (Jackson ImmunoResearch, West Grove, PA) diluted 1:50 in PBS for 30 min at 37 C and reblocked for 20 min with 10% goat serum/2ϫ casein in PBS. Rabbit anti-LH primary antibody was reconstituted in PBS at a concentration of 1 g/l, and applied at a 1:50 dilution for 2 h at 37 C, substituting normal rabbit IgG at an equivalent concentration (micrograms per milliliter) as a negative control. LH␤ was detected with Texas Red goat-antirabbit IgG at a 1:80 dilution in PBS for 20 min at room temperature in the dark. Slides were washed and mounted in Vectashield 4Ј,6Ј-diamino-2-phenylindole (Vector Laboratories). Images were obtained on a Nikon E400 epi-fluorescence microscope (Tokyo, Japan) using the appropriate filters.
Luciferase assay
The ␣T3-1 cells were grown to approximately 60% confluence and were transfected and treated as indicated within 24 h of plating. Media were removed and the cells were collected in 200 l of 1ϫ passive lysis buffer (Promega, Madison, WI). Cells were lysed by two freeze-thaw cycles and the lysates were clarified by centrifugation. Protein concentration of the lysates was determined by Bradford assay. Aliquots (100 g) were assayed for luciferase activity in triplicate for each treatment, and all experiments were repeated at least three times.
Immunoprecipitation and immunoblots
For immunoblotting, cells were washed in cold PBS and scraped into PBS containing 5 mM sodium vanadate, 0.2 mM phenylmethylsulfonyl fluoride, and 5 mM benzamidine. Cells were pelleted by centrifugation, and pellets were resuspended in lysis buffer containing 20 mM Tris-HCl (pH 8.0), 140 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxycholate, 2 mM EDTA, 5 mM sodium vanadate, 0.2 mM phenylmethylsulfonyl fluoride, and 5 mM benzamidine. Lysates were cleared by centrifugation and protein concentrations of the lysates were determined by Bradford assay. Protein samples were resolved by SDS-PAGE, and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% nonfat dry milk in 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% Tween 20 (TBST) and then incubated with primary antibodies overnight in TBST with 5% milk. Membranes were then washed in TBST and incubated in horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. After further washing, proteins were visualized using enhanced chemiluminescence (PerkinElmer, Boston, MA).
For immunoprecipitations, cells were prepared as above, except that the lysis buffer was adjusted to 200 mM NaCl. Aliquots of lysate containing 400 g protein were adjusted to 5 mM TrisHCl (pH 8.0), 70 mM NaCl, 5% glycerol, 0.2% Nonidet P-40, 0.01% SDS, 0.1% deoxycholate, 1 mM EDTA, 5 mM sodium vanadate, 0.2 mM phenylmethylsulfonyl fluoride, and 5 mM benzamidine in a total volume of 400 l. Rabbit polyclonal antiNur77 antibody (2 g per 400 g cellular protein) was added and the samples were rocked at 4 C overnight. Protein A/G agarose (30 l of 50% slurry per sample) was added and the samples were rocked at 4 C for an additional hour. Beads were washed three times in wash buffer [5 mM Tris-HCl (pH 8.0), 70 mM NaCl, 1% glycerol, 0.1% Nonidet P-40, 0.01% SDS, 0.1% deoxycholate, 1 mM EDTA] and boiled in SDS load buffer. Immunoprecipitates were blotted as described above. After blocking, membranes were incubated with mouse monoclonal anti-Nur77 antibody at 1:1000 dilution in TBST with 5% milk overnight at 4 C. Membranes were then washed and developed as described above.
Primary pituitary cell culture
Immediately after euthanasia, pituitaries were collected into cold DMEM containing 10% fetal bovine serum (FBS). Pituitaries were digested at 37 C for 10 min in DMEM containing 0.5 mg/ml each of collagenase and hyaluronidase (Sigma). Tissues were dispersed by repeated pipetting and tissue remnants were allowed to settle by gravity. The supernatant was removed and adjusted to 20% FBS. Remaining tissue was resuspended in DMEM containing 0.25 mg/ml each of the same enzymes and digested for an additional 10 min. After additional dispersal, the supernatants were combined. Cells were washed in DMEM containing 10% FBS and plated in the same medium with penicillin and streptomycin on 10-mm-diameter poly-L-lysine-coated dishes at a density of 1 pituitary equivalent per well. Cells were maintained at 37 C in 5% CO 2 overnight before treatment.
RNA isolation and quantitative PCR
Total RNA was isolated using the RNeasy kit (QIAGEN, Valencia, CA), according the manufacturer's instructions. Reverse transcription was carried out using the high capacity cDNA archive kit (Applied Biosystems, Carlsbad, CA). Taqman primerprobe sets for mouse Nur77, c-Raf, B-Raf, Egr-1, and ␤-actin were purchased commercially (Applied Biosystems). Amplification was performed under standard conditions using the ABI Prism 7500 sequence detection system (Applied Biosystems). Transcript levels were normalized to corresponding levels of ␤-actin and were calibrated to the control group within each experiment.
Data analysis
All studies presented are representative, with individual treatments carried out in triplicate within an experiment. These studies were completed two to three or more times in separate occasions as indicated. Data were analyzed using t test or one-way ANOVA. The overall differences for t test and ANOVA were considered significant at P Ͻ 0.05. Post hoc tests involving comparison of multiple treatments against a control were performed using Dunnett's test. All other post hoc tests were performed using Bonferroni's all pairwise comparisons. Differences in post hoc pairwise comparisons were considered significant at P Ͻ 0.05.
Results
Nur77 is up-regulated with immediate early gene kinetics in both ␣T3-1 cells and primary mouse gonadotropes after GnRHa stimulation
Nur77 has been shown to be expressed in ␣T3-1 cells; however, its responsiveness to GnRH stimulation has not been reported in this cell line (23) . To address this, ␣T3-1 cells were exposed to the GnRH agonist buserelin (GnRHa) over a 3-h time course, and Nur77 up-regulation was examined at the mRNA level by quantitative PCR (qPCR) and at the protein level by immunoprecipitation followed by immunoblotting. Nur77 transcripts were approximately 4-fold up-regulated after 1 h of GnRHa stimulation and returned to baseline levels within 4 h (Fig. 1A , and data not shown). Nur77 protein levels were also robustly up-regulated by GnRHa, reaching maximal expression at approximately 1 h of GnRHa stimulation (Fig. 1B) .
Nur77 has been shown to be induced by CRH in pituitary corticotropes in which it plays a role in the transcriptional up-regulation of the proopiomelanocortin gene (27) . To determine whether Nur77 is induced by GnRHa in primary mouse gonadotropes and to compare its induction kinetics between gonadotropes and corticotropes, whole mouse pituitaries were dispersed into primary culture and then stimulated with vehicle, GnRHa, or CRH. GnRHa stimulation led to a rapid 4-fold up-regulation of Nur77 transcript levels within mixed primary pituitary cell cultures (Fig. 1C) , the kinetic profile of which was similar to that observed in the ␣T3-1 cell line. CRH stimulation led to a more modest (ϳ3-fold) increase in Nur77 transcript levels, with maximal expression observed after 60 min of agonist exposure (Fig. 1D ). CRH-induced Nur77 transcript levels returned to baseline within 120 min of agonist exposure, whereas the transcript up-regulation induced by GnRHa was more sustained, remaining significantly elevated above baseline levels for at least 3 h after agonist exposure (Fig. 1C) .
GnRHa-induced up-regulation of Nur77 in ␣T3-1 cells is dependent on the classical calcium-protein kinase C (PKC)-ERK signaling pathway. We next used a cadre of pharmacological inhibitors of specific signaling events known to be induced by GnRH and analyzed their effects on both GnRHa-induced Nur77 expression and ERK activation. Pretreatment of cells with the GnRHR-specific antagonist antide abrogated both ERK activation and Nur77 up-regulation after GnRHa treatment ( Fig. 2A) . We have previously demonstrated that calcium influx through voltage-dependent calcium channels is required for ERK activation by GnRH (21, 22) . Inhibition of both calmodulin and calcium flux through L-type voltage gated calcium channels with the compounds W7 and nifedipine, respectively, blocked GnRH-induced Nur77 expression coincident with a blunted ERK response (Fig. 2B ). In contrast, inhibition of intracellular calcium fluxes with the intracellular calcium chelator bis-(o-aminophenoxy)-ethane-N,N,NЈ,NЈ-tetraacetic acid, tetra(acetoxymethyl)-ester (Bapta-AM) did not appear to affect GnRHa-induced Nur77 levels and was without effect on ERK activation (Fig. 2B) . As a positive control, this dose of Bapta-AM was sufficient to reduce GnRHa-induced c-Jun N-terminal kinase activity in these same studies (data not shown) as previously shown (22) . Inhibition of PKC isozymes with GF109203X (GFX) similarly attenuated both Nur77 induction and ERK activation (Fig. 2C) . Finally, inhibition of MAPK kinase (MEK)-1/2 with the specific inhibitor PD98059 decreased GnRHa-induced Nur77 up-regulation and predictably abolished ERK activation (Fig. 2D ).
Together these results reinforce the requirement for ERK signaling for GnRH-induced Nur77 up-regulation in ␣T3-1 cells and provide further demonstration of the roles of PKC, extracellular calcium influx, and calmodulin in mediating the effects of GnRH action on this immediate early gene. Our pharmacological data indicate that PKC activation, calcium, calmodulin, and ERK signaling are required for GnRHa-induced up-regulation of Nur77 in ␣T3-1 cells. However, in this cell line, as in other systems, ERK activation itself has been shown to be dependent on PKC, 
calcium, and calmodulin (1, 21, 22, 30, 33) . Therefore, to determine whether ERK signaling alone is sufficient for GnRHa-induced transcriptional up-regulation of Nur77 in ␣T3-1 cells, we used an expression vector encoding the c-Raf kinase fused to the CAAX membrane-targeting sequence from the small GTP-binding protein ras (Raf-CAAX). Raf-CAAX associates constitutively with the plasma membrane in which it induces sustained and high level activation of the ERK pathway independent of extracellular stimuli. Transient overexpression of Raf-CAAX in ␣T3-1 cells led to phosphorylation of ERK1/2 in a dose-dependent manner (Fig. 3A) . Cells were then transfected with a luciferase reporter containing 1566 bp of the mouse Nur77 proximal promoter (Nur77-luc). In addition, some cells were transfected with either pCMV-Raf-CAAX or the empty control vector (pCMV). After transfection, cells were exposed to either vehicle or the MEK inhibitor PD98059, followed by treatment with either vehicle or GnRHa. GnRHa stimulation led to activation of the Nur77 luciferase reporter; however, this effect was significantly reduced by pharmacological inhibition of ERK signaling (Fig. 3B ). Significant increases in Nur77 luciferase reporter activity were not observed after transfection of Raf-CAAX alone (Fig. 3B) . To verify the ability of Raf-CAAX to regulate a transcriptional response in this experimental paradigm, we repeated the study using a c-Fos luciferase reporter (c-Fos-luc; Fig. 3B ). GnRHa induced an increase in the activity of the c-Fos-luc reporter, which was largely abrogated by inhibition of MEK1/2 with PD98059. Raf-CAAX also induced an increase in c-Fosluc activity demonstrating the ability of Raf-CAAX to ac- tivate a MEK-ERK-responsive promoter (Fig. 3B) ; importantly, this effect was blunted by pretreatment with PD98059 (not shown).
To assess the effect of ERK signaling on the endogenous Nur77 gene in ␣T3-1 cells, we treated cells as described above (Fig. 3B ) and then measured Nur77 transcript levels by quantitative RT-PCR (Fig. 3C) . The inductive effect of GnRHa on Nur77 transcript levels was blocked by pharmacological inhibition of the ERK pathway (Fig. 3C) . Consistent with our observations on the Nur77 luciferase reporter, overexpression of Raf-CAAX had no effect on endogenous Nur77 transcript levels (Fig. 3C) . As a positive control, we measured endogenous transcript levels of the ERK-responsive immediate early gene Egr1 in these samples. Treatment with GnRHa led to an approximately 27-fold increase in Egr1 transcript levels within 1 h; however, this induction was blocked by inhibition of MEK1/2 (Fig. 3C) . Raf-CAAX led to a more modest (ϳ10-fold) elevation in Egr1 transcript levels; however, this change in expression level did not reach statistical significance. Collectively, these results provide evidence that ERK signaling is required, but alone does not appear to be sufficient, for GnRHa-induced transcriptional up-regulation of Nur77 in ␣T3-1 cells.
Nur77 is expressed in mouse pituitary gonadotropes
To assess the lineage-specific expression and subcellular localization of Nur77 in primary mouse pituitary cells, we examined pituitary sections from randomly cycling adult female mice using fluorescence immunolabeling of Nur77 and LH␤. Nur77 was expressed in many cells throughout the anterior pituitary parenchyma and colocalized extensively with LH␤ immunoreactivity. Within LH␤-positive gonadotropes, Nur77 was localized predominantly to the nucleus (Fig. 4) .
Our initial studies provided important evidence that Nur77 protein was induced by GnRHa administration. Induced Nur77 immunoreactivity appeared as multiple closely spaced bands on the immunoblot, suggesting posttranslational modification (Fig. 1B) . Calf intestine-derived phosphatase treatment of the immunoprecipitates resolved the Nur77 immunoreactivity into a more uniform size of approximately 74 kDa (data not shown), supporting the hypothesis that posttranslational modification by phosphorylation may be central to modulating Nur77 activity. In an effort to examine this possibility, we used a Gal4 DNA binding domain-Nur77 fusion protein. For these studies, an expression vector for Gal4-Nur77 was cotransfected in ␣T3-1 cells along with a luciferase reporter gene carrying five Gal4 DNA binding sites upstream of a minimal promoter (34) . GnRHa administration induced a robust up-regulation of Gal4-Nur77 transcriptional activity in ␣T3-1 cells (Fig. 5) . This response was due to the presence of Nur77 in this fusion protein as similar control studies revealed that the Gal4 DNA binding domain alone was unresponsive to GnRHa administration (data not shown). The effects of GnRHa on Gal4-Nur77 were blocked by pretreatment with GFX but not by PD98059. Thus, Gal4-Nur77 transcription 
Generation and validation of a pituitary specific c-Raf knockout mouse
Although the ␣T3-1 cell studies outlined above are compelling, we sought to examine the link between ERK signaling and Nur77 expression in differentiated gonadotropes. We developed a model by which to compare the roles of c-Raf and ERK activity in mediating the Nur77 transcriptional response to GnRH. Previously we described a mouse model with pituitary targeted ablation of ERK1 and ERK2 that resulted in female infertility due to LH deficiency (5) . Using a similar genetic approach, we generated mice with pituitary-targeted conditional ablation of c-Raf kinase (c-Raf CKO; see Supplemental Methods, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). We had previously demonstrated an involvement of c-Raf kinase within the GnRH signaling network leading to ERK activation in ␣T3-1 cells (21, 22) as well as participation of c-Raf kinase within membrane rafts necessary for productive GnRHR signaling to the ERK pathway (35, 36) . However, in none of these studies did we investigate a required role for c-Raf kinase leading to activation of ERK signaling via a canonical Raf-MEK-ERK pathway. Mice homozygous for a floxed mutation at the c-Raf locus (c-Raf Fig. 1C ). In contrast, B-Raf transcript levels were not significantly different between c-Raf CKO and control mice (Supplemental Fig. 1C ). The degree of reduction in c-Raf transcript levels is consistent with the fact that only a minority of cells within the pituitary express the ␣GSU and would be expected to be rendered c-Raf deficient in this model. Pituitary-specific c-Raf fl/fl ,CRE ϩ CKO males and females were viable and fertile. They were born at expected Mendelian frequencies, grew at the same rate as control littermates (Supplemental Fig. 2A ), and were grossly and histologically indistinguishable from either control littermates or wild-type mice at adulthood (data not shown).
Litter sizes from matings between control animals were not significantly different from litter sizes from matings between c-Raf fl/fl ,CRE ϩ CKO animals (Supplemental Fig.   3 ). Interestingly, these observations support the conclusion that c-Raf is not required for the function of differentiated gonadotropes.
Pharmacological inhibition of c-Raf kinase does not inhibit GnRHa-induced activation of ERK1/2 in ␣T3-1 cells
The genetic studies outlined above provide important evidence that c-Raf kinase conditional deletion within gonadotropes does not affect fertility. This is in stark contrast to ERK1 and ERK2 CKO using the identical Cre genetic background (5) . Surprisingly, the differences in fertility comparing these two systems suggest that c-Raf kinase is not required for GnRH-induced ERK activity in gonadotropes. In an effort to examine this hypothesis, studies were carried out using the c-Raf kinase inhibitor GW5074 (Fig. 6 ). Pretreatment of ␣T3-1 cells with increasing doses of GW5074 (1-10 M) had no appreciable effect on GnRHa-induced ERK activity, whereas pretreatment with PD98059 abolished ERK activation by GnRH. To confirm the efficacy of the GW5074 compound, NIH-3T3 cells were pretreated with either PD98059 or GW5074 followed by administration of epidermal growth factor (EGF). EGF receptor activation in NIH-3T3 cells resulted in increased ERK phosphorylation that was blocked by both PD98059 and GW5074, suggesting that, indeed, the c-Raf kinase inhibitor functioned as expected with growth factor stimulation (Fig. 6 ). These pharmacological experiments yielded the unexpected finding that phosphorylation of ERK1/2 is unaffected by pretreatment of ␣T3-1 cells with the c-Raf inhibitor GW5074. This supported the intriguing hypothesis that GnRH-induced activation of the ERK pathway was independent of c-Raf catalytic activity.
Basal and GnRHa-induced transcriptional up-regulation of Nur77 in primary mouse gonadotropes requires ERK signaling but is independent of c-Raf
To address the requirements for cRaf and ERK activity for GnRH-induced expression of Nur77 transcript levels in differentiated gonadotropes, we dispersed whole pituitaries from mice with conditional pituitary deficiency of c-Raf, ERK1/2 or their respective control littermates into primary culture and stimulated the cells with either GnRHa or CRH. Nur77 transcript levels were then measured by qPCR. In pituitary cell cultures from mice with pituitary deficiency of c-Raf, both GnRHa and CRH led to significant increases in Nur77 transcript levels, which were indistinguishable from the response of the controls (Fig. 7A) . CRH stimulation led to significant increases in Nur77 transcript abundance in both control mice and mice with pituitary deficiency of ERK1/2 (Fig. 7B ). In contrast, although GnRHa stimulation induced significant increases in Nur77 transcript levels in control mice, the effect of GnRHa was completely blocked in ERK-deficient pituitary cells (Fig.  7B ). Together these results establish Nur77 as a GnRH-responsive, ERKdependent immediate early gene in the gonadotrope and further corroborate that c-Raf kinase is not an obligate intermediary in the GnRH-ERK signaling pathway.
Discussion
Using both cell lines and gonadotropes isolated from mouse models, we show here that the orphan nuclear receptor Nur77 is rapidly and robustly up-regulated in gonadotropes after GnRH stimulation. Activation of the ERK signaling pathway is required but alone is not sufficient for Nur77 transcript induction. These conclusions are based on studies using PD98059 (Fig. 2D) , overexpression of the activated form of c-Raf kinase (Raf-CAAX; Fig. 3) , and studies carried out in our mouse model of conditional deletion of ERK isoforms in the gonadotrope (Fig. 7B) . In these studies, the kinetics and magnitude of Nur77 induction were highly similar between the ␣T3-1 cell line and primary pituitary gonadotropes (Fig. 1, A and  C) . This contrasts with a recent report demonstrating sustained expression of Nur77 in the L␤T2 cell line after GnRH stimulation (20) . The overall correspondence between ␣T3-1 cells and primary gonadotropes supports the validity of this cell line as a model for study of GnRHinduced Nur77 expression in the gonadotrope. Interestingly, c-Raf kinase does not appear to be required for GnRH-induced transcriptional up-regulation of Nur77; furthermore, our data reveal that c-Raf does not appear to be the primary MAPK-activating kinase kinase of the ERK pathway within these cells. Our original view of the architecture of the GnRH signaling pathway leading to ERK activation was based on the conical Raf-MEK-ERK cascade (recently reviewed in Refs. 37 and 38). Our previous studies implicating c-Raf kinase signaling within the GnRH pathway was largely based on the effects of Raf-CAAX overexpression and GnRH-induced electrophoretic mobility shifts of c-Raf kinase in immunoblot analyses of ␣T3-1 cell lysates suggestive of phosphorylation and putative activation (21) . The present studies are the first to directly examine the role of c-Raf kinase in mediating GnRH-induced ERK activation. Our observations that GnRH-induced ERK activation is independent of c-Raf in the gonadotrope are consistent with many contemporary reports on the cellular functions of cRaf kinase (39 -41) . A growing body of evidence indicates that MEK kinase activation is not a primary function of cRaf. Gene ablation studies showed that c-Raf-deficient mice die at approximately embryonic d 10.5 of gestation due to widespread apoptosis; however, growth factor-induced ERK activation remained unimpaired in c-Raf-deficient embryonic stem cells, suggesting that the developmental defect in these mice was unrelated to the loss of a critical MEK kinase (42) . This interesting finding is in contrast to the present data (Fig. 6B) , indicating c-Raf kinase is indeed required for EGF-induced ERK activation in NIH-3T3 cells. This difference may be due putatively to a different intracellular context comparing embryonic stem cells to fibroblasts in culture.
The lethal phenotype in the c-Raf-deficient mouse was rescued by reintroduction of a catalytically inactive form of c-Raf showing that the requirement for c-Raf during development is independent of its MEK kinase catalytic activity (43) . Recent reports using conditional targeted gene ablation approaches indicate instead that c-Raf may serve a primary role as a negative regulator of apoptosis in vivo (41, 44 -46) . The mechanism underlying down-regulation of sensitivity to apoptotic stimuli has been linked to direct c-Raf mediated inhibition of the proapoptotic proteins apoptosis signal-regulating kinase 1 or mammalian STE20-like protein kinase (41, 47) . In our examination of mice with pituitary targeted ablation of c-Raf, we found no differences in gonadotrope cell numbers between c-Raf deficient animals and littermate controls (data not shown). Thus, targeted ablation of c-Raf in pituitary gonadotropes appears to have no effect on apparent cellular phenotype. However, gonadotropes are highly differentiated postmitotic cells and, given the critical importance of these cells for reproductive function, it may be reasonable to speculate that they have evolved mechanisms for multifaceted resistance to apoptotic stimuli. We cannot rule out the possibility of incomplete Cre-mediated recombination and that residual expression of c-Raf kinase is sufficient to avert a more severe phenotype. This seems unlikely because the use of pharmacological inhibition of c-Raf kinase did not interfere with GnRH-induced ERK activation in vitro. Moreover, our studies clearly cannot rule out a novel role for other Raf family members playing a redundant role in GnRH signaling to ERK. Little is known regarding the expression pattern and signaling role of B-Raf and A-Raf in gonadotropes. Based on the present studies, B-Raf is expressed within the mouse pituitary (see Supplemental Fig. 1) , at least at the transcript level. In AtT20 cells (a corticotrope cell line), B-Raf is expressed and appears to play an important role in the regulation of ERK activity via CRH in this cell line (27) . Future studies will be necessary to clarify a potential role of other Raf family members serving as an MAPK-activating kinase kinase in the gonadotrope.
Nur77 has been shown to serve a variety of physiological roles in different cells types but functions most commonly as a transcriptional regulator. Monomeric Nur77 binds to a consensus octanucleotide response element (nerve growth factor inhibitor-B response element) consisting of sequence AAAGGTCA and may function as a transcriptional activator or repressor (12, 48 -50) . Nur77 may also dimerize with other members of the NR4A family (Nor-1 or Nurr1) and bind to a bipartite target DNA motif, the Nur response element (51) . Alternatively, Nur77 may dimerize with retinoid X receptor and bind to a DR5 element in a retinoic acid-dependent manner (51, 52) . A recent genomic analysis revealed 483 genes in the human genome that possess a nerve growth factor inhibitor-B response element within their proximal promoter, highlighting the possibility that Nur77 may exert broad transcriptional regulatory influence in various contexts (53) . Clarification of the physiological role(s) of Nur77 has been confounded by the observation that Nur77-deficient mice are viable and fertile and display only relatively subtle phenotypic abnormalities associated with dysregulation of central dopaminergic neuronal pathways (10) . However, a high degree of functional redundancy between Nur77 and the closely related NR4A family member Nor-1 may underlie the disparities between reported gene regulatory roles of Nur77 and the lack of overt phenotypic abnormalities in the Nur77-deficient mouse (54, 55) . Elucidation of physiologically relevant targets of Nur77 in the gonadotrope after a GnRH stimulus will likely require a genetic approach involving tissue-specific compound deletion of both Nur77 and Nor-1.
